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Introduction
It has been reported that the growth of the strawberry fruit (in this paper, the term "fruit" refers to the receptacle plus achenes) follows a single sigmoid growth curve (6, 10) , in which the growth rate is low immediately after fertilization, then increases gradually, and decreases as the fruit matures.
However, the stimulation of fruit ripening is stronger at a high temperature than at a low temperature (11). It is considered that the growth rate is influenced by the fluctuations of environmental conditions. True growth pattern, therefore, should be analyzed under controlled conditions . In addition, the fruit growth rate varies with the position in an inflorescence (4).
In the experiments reported in the current paper , the growth of strawberry fruit in a fixed position in an inflorescence was measured at regular interReceived for publication May 24, 1990. vals under controlled temperature and light conditions, and the relation between the pattern of the fruit growth, that of the achene growth and that of the sugar content of fruit was examined.
Materials and Methods
Plants of the strawberry cultivar `Reiko' potted and grown in the field were transferred into a growth chamber lit by artificial light in May 1986. The daylength and light intensity were 12 hr and 315,tmol m-2 , sec-1 (400-700 nm), and the air temperature under the leaves was 16°C in the daytime and 13°C in the night. A primary flower and two secondary flowers in an inflorescence in the chamber were allowed to grow and develop further, and other flowers and inflorescences were removed. A primary flower, a secondary flower developed earlier and the other secondary flower were referred to as 1st, 2nd, and 3rd flowers, respectively. Each flower was hand-pollinated with a writing brush at full bloom (anthesis). From 5-7 days after pollination until 45 days, the minor diameter, major diameter (minimum and maximum diameters in relation to maximum circumference, respectively) and height of each fruit were measured using a caliper at 2 days intervals. Orthogonal polynomials of fifth degree were fitted to the data obtained, because the fitness did not increase significantly by fitting higher degree polynomials. Relative growth rates (RGRs) were calculated from the polynomials. The number of plants used ranged from 6 to 7.
In the next year, 25 plants were put in a chamber controlled at 20°C in the daytime (14hr daylength, 185 µmol m-2 sec-1) and 17°C in the night. First flowers were pollinated at anthesis, and the other flowers and inflorescences were removed. By using 6 plants, from 5 days after pollination, the minor diameter, major diameter and height of the fruits, and maximum width of several achenes at the equator of fruits were measured. The width of the achene was measured using a photograph under a microscope. These fruits were picked at 29 days after anthesis when they reached the red ripe stage.
The remaining fruits were picked 5, 17, or 25 days after anthesis. All the fruits picked were lyophilized, weighed and powdered. After extraction with 80% ethanol, the sugars were separated and their concentrations were determined by high performance liquid chromatography (column: Shodex Ionpak KS-801).
Results
In the 1986 experiment ( Fig. 1) , generally the minor diameter of the 1st, 2nd, and 3rd fruits continued to increase until the end of the experiment while the rate of increase varied. The RGR was high in the early period, then decreased rapidly, increased to reach a second peak, and decreased again. Low levels were observed at 22 days after anthesis in the 1st fruit, 17 days in the 2nd fruit, and 25 days in the 3rd fruit. The second peak was observed at 35 days after anthesis in the 1st fruit, at 28 days in the 2nd fruit, and at 36 days in the 3rd fruit. The value of the major diameter was always 1.1 times that of the minor diameter, and the RGR of the major diameter changed with the days after anthesis in the same way as that of the minor diameter. The height values were larger than the values of the minor and major diameters, but the RGR changed in the same way, with lower values being recorded.
Second and third flowers opened 5.6 and 8.1 days later than the first flower. When the changes in the RGR of the minor diameter of each fruit were compared with the number of days after the 1st flower opened, that is, with calendar days, the value for the 1st fruit was high and low when the value for the 3rd fruit was low and high, respectively, but this reverse pattern was not observed in the 1st and 2nd fruits. At 26°C in the daytime and 23°C in the night plants grew and the sizes of the 1st, 2nd and 3rd fruits were measured until 21 days after anthesis (data not shown). The values of the RGRs of the minor and major diameters and of the height which were high at the early stage of each fruit, were also high at 17 days in the 1st fruit, 16 days in the 2nd fruit and 21 days in the 3rd fruit. In the 1987 experiment, the achenes on the 1st fruit became larger at 5 days after anthesis and the distance between the achenes began to increase at 15 days. The fruit reached the white ripe stage at 23 days, began to turn red at 25 days and finally reached the red ripe stage at 29 days after anthesis. Minor diameter, height, and the RGRs of the 1st fruit (Fig. 2 ) changed according to a similar pattern to that of the minor diameter and the RGR of the 1st, 2nd and 3rd fruits shown in Fig. 1, and increased rapidly at 5-7 days and 23 days after anthesis. The value of the major diameter was intermediate between that of the minor diameter and height, and the change in the RGR was similar to that of the minor diameter.
Width of achene (Fig. 3 ) which increased until 11 days after anthesis, did not change further thereafter, though there was a relatively larger variation in the values recorded on each day because the width of the common achene was not measured. The RGR was the highest at 5-9 days.
Dry weight of the fruits harvested (Fig. 4) increased rapidly in the late period from 17 days to 29 days after anthesis and the total sugar (sucrose, fructose and glucose) concentration of fruit per dry weight also increased in the same manner. Sucrose concentration was lower than that of fructose and glucose until 17 days, but afterwards it surpassed the concentration of the two sugars.
Besides RGRs, simple growth rates of fruit (mm day-1) were also calculated from the polynomials described above. The change in the growth rate after anthesis was similar to that in RGR in every case.
Discussion
In general, the size of the fruits starts to increase after fertilization and shows the largest values at ripening. Three patterns of fruit growth have been reported, one corresponding to a single sigmoid growth curve as in the case of almond, apple, olive, orange, pear, pineapple, strawberry and tomato fruit, the second corresponding to a double sigmoid growth curve in the case of apricot, coffee, cherry, fig, grape, peach and plum fruit (2, 6, 10) , and the third corresponding to the triple sigmoid growth curve in the case of kiwifruit (7, 9). In the current experiment, strawberry plants were grown in a chamber under controlled conditions, mainly temperature and light, and the size, i.e., diameter and height, of each fruit was measured every other day. Pattern of increase of the fruit size (Figs. 1 and 2 ) followed a double sigmoid curve with two rapid growth periods. It is assumed that the double sigmoid pattern of growth of the strawberry fruit does not appear in an experiment under fluctuating conditions or when the fruits are measured at different positions in an inflorescence.
When the changes in the RGR of the minor diameter of the 1st, 2nd and 3rd fruits with the calendar days were compared, there was no reverse pattern among them. In the 1987 experiment, since the 1st fruit only remained on the plant, it was concluded that the double sigmoid curve obtained in the experiment was not due to the interaction with the growth of other fruits.
The first peak of fruit growth occurred less than 10 days after anthesis, and in the same period the achene enlarged considerably (Fig. 3) . Free IAA concentration in the achene has been reported to be maximum at about ten days after anthesis (3, 8) , which corresponds to the day of rapid growth of the achene observed here. It appeared that due to the high IAA concentration in ,the achene which was associated with the rapid growth of the achene, the receptacle began to grow and the fruit set was completed in this period.
In the second peak of fruit growth, the dry weight and sugar concentration of the fruit also rapidly increased (Fig. 4) , in particular the increase of the concentration of sucrose was most conspicuous. Forney and Breen (5) also reported that the sucrose concentration in fruit increased in the late period of fruit growth. It is considered that the increase of the sink activity of the receptacle may result in the transport of a large amount of assimilates into the receptacle. Consequently the rapid AND S. YABUUCHI enlargement of the receptacle leads to the 2nd peak of fruit growth. Since the removal of all the achenes from a fruit in the middle period of fruit growth inhibited further growth of the receptacle (1), it is considered that the mature achenes may play some role in the increase of the sink activity of the receptacle from the middle to late period of fruit growth.
In this report, fruit size was measured from 5-7 days after pollination. If possible to measure the size immediately after pollination, the first growth peak in the early period may become more perfect than those obtained here.
